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Abstract

Micromechanical communication circuits fab-
ricated via IC-compatible MEMS technolo-
gies and capable of low-loss filtering, mixing,
switching, and frequency generation, are
described with the intent to miniaturize wire-
less transceivers. A possible transceiver front-
end architecture is then presented that uses
these micromechanical circuits in large quanti-
ties to substantially reduce power consump-
tion. Technologies that integrate MEMS and
transistor circuits into single-chip systems are
then reviewed with an eye towards the possibil-
ity of single-chip communication transceivers.

1. Introduction

Due to their need for high frequency selec-
tivity and low noise frequency manipulation,
portable wireless communication transceivers
continue to rely on off-chip resonator technolo-
gies that interface with transistor electronics at
the board-level. In particular, highly selective,
low loss radio frequency (RF) and intermediate
frequency (IF) bandpass filters generally
require ceramic, SAW, or quartz acoustic reso-
nator technologies with Q’s in excess of 1,000.
In addition, LC resonator tanks with Q’s
greater than 40 are required by voltage-con-
trolled oscillators (VCO’s) to achieve suffi-
ciently low phase noise. These off-chip

resonator components then contribute to the
substantial percentage (often up to 80%) of
portable transceiver area taken up by board-
level, passive components.

Recent advances in IC-compatible micro-
electromechanical system (MEMS) technolo-
gies that  make possible micro-scale,
mechanical circuits capable of low-loss filter-
ing, mixing, switching, and frequency genera-
tion, now suggest methods for boardless
integration of wireless transceiver components.
In fact, given the existence already of technolo-
gies that merge micromechanics with transistor
circuits onto single silicon chips [1]-[7], single-
chip transceivers may eventually be possible,
perhaps using alternative architectures that
maximize the use of passive, high-Q, micro-
mechanical circuits to reduce power consump-
tion for portable applications.

This paper presents an overview of the
micromechanical circuits and associated tech-
nologies expected to play key roles in reducing
the size and power consumption of future com-
munication transceivers. 

2. Micromechanical Circuits

Although mechanical circuits, such as quartz
crystal resonators and SAW filters, provide
essential functions in the majority of trans-
ceiver designs, their numbers are generally
suppressed due to their large size and finite

Proceedings, 2000 European Solid-State Device Research Conference, Cork, Ireland, September
11-13, 2000, pp. 2-12.



cost. Unfortunately, when minimizing the use
of high-Q components, designers often trade
power for selectivity (i.e., Q), and hence, sacri-
fice transceiver performance. 

By shrinking dimensions and introducing
batch fabrication techniques, MEMS technol-
ogy provides a means for relaxing the present
constraints on the complexity of mechanical
circuits, with implications not unlike those that
integrated circuit technology had on transistor
circuit complexity. Before exploring the impli-
cations, specific µmechanical circuits are first
reviewed.

2.1. Micromechanical Beam Element

To date, the majority of µmechanical cir-
cuits most useful for communication applica-
tions have been realized using simple
µmechanical flexural-mode beam elements,
such as shown in Fig. 1 with clamped-clamped
boundary conditions. Although several micro-
machining technologies are available to realize
such an element in a variety of different mate-
rials, surface micromachining has been the
preferred method for µmechanical communi-
cation circuits, mainly due to its flexibility in
providing a variety of beam end conditions and
electrode locations, and its ability to realize
very complex geometries with multiple levels
of suspension.

Figure 2 summarizes the essential elements
of a typical surface-micromachining process

that produces a clamped-clamped beam. In this
process, a series of film depositions and litho-
graphic patterning steps—identical to similar
steps used in planar IC fabrication technolo-
gies—are utilized to first achieve the cross-
section shown in Fig. 2(a). Here, a sacrificial
oxide layer supports the structural polysilicon
material during deposition, patterning, and
subsequent annealing. In the final step of the
process, the wafer containing cross-sections
similar to Fig. 2(a) is dipped into a solution of
hydrofluoric acid, which etches away the sacri-
ficial oxide layer without significantly attack-
ing the polysilicon structural material. This
leaves the free-standing structure shown in
Fig. 2(b), capable of movement in multiple
dimensions, if necessary, and more impor-
tantly, capable of vibrating with high Q and
good temperature stability, with temperature
coefficients on the order of −10 ppm/oC [8].

For frequency reference, filtering, and mix-
ing applications, the resonance frequency of
this flexural-mode mechanical beam is of great
interest. For the clamped-clamped beam of
Fig. 1, the expression for resonance frequency
can be written as (ignoring stress and finite
width effects) [9]

, (1)

where E and ρ are the Young’s modulus and
density of the structural material, respectively;

Figure 1: Perspective-view schematic of a clamped-clamped beam µmechanical
resonator in a general bias and excitation configuration.
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h and Lr are specified in Fig. 1; and κ is a scal-
ing factor that models the effects of surface
topography in actual implementations [9],
[10]. From (1), geometry clearly plays a major
role in setting the resonance frequency, and in
practice, attaining a specified frequency
amounts to CAD layout of the proper dimen-
sions. Table I presents expected resonance fre-
quencies for various beam dimensions, modes,

and structural materials, showing a wide range
of attainable frequencies, from VHF to UHF.

To complete the mechanical circuit element,
input and output ports are required. These can
be either electrical or mechanical, and in any
number. In Fig. 1, two electrical inputs are
shown, ve and vb, applied to the electrode and
beam, respectively. In this configuration, the
difference voltage (ve−vb) is effectively
applied across the electrode-to-resonator
capacitor gap, generating a force between the
stationary electrode and movable beam given
by

, (2)

where x is displacement (with direction indi-
cated in Fig. 1), and (∂C/∂x) is the change in
resonator-to-electrode capacitance per unit dis-
placement.

2.2. HF Micromechanical Reference 
Tank

The high Q and thermal stability of the reso-

Figure 2: Cross-sections describing surface micromachining. (a) Required film layers
up to the release etch step. (b) Resulting free-standing beam following a release
etch in hydrofluoric acid.
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nance frequency of single µmechanical beam
elements make them good candidates for tanks
in reference oscillator applications. When
using the resonator as a tank or filter circuit (as
opposed to a mixer, to be discussed later), a dc-
bias voltage VP is applied to the conductive
beam, while an ac excitation signal vi=Vicosωit
is applied to the underlying electrode. In this
configuration, a dominant force component is
generated at ωi, which drives the beam into
mechanical resonance when ωi=ωo, creating a
dc-biased (via VP) time-varying capacitance
between the electrode and resonator, and
sourcing an output current io=VP(∂C/∂x)(∂x/
∂t), as shown in Fig. 1. When plotted versus
the frequency of vi, io traces out a bandpass
biquad characteristic with a Q~10,000 in vac-
uum (c.f., Fig. 3)—very suitable for reference
oscillators.

2.3. VHF Micromechanical Reference 
Tank

Although impressive at HF, the clamped-
clamped beam device of Fig. 3 begins to lose a
substantial fraction of its internal energy to the
substrate at frequencies past 30 MHz, and this
limits the attainable Q at VHF. One approach
to retain high Q as frequencies go beyond
30 MHz is to miniaturize the resonator to the

submicron or nano-scale, where its stiffness
can be restrained to smaller values so as to
reduce energy radiation into the substrate via
anchors. Although used successfully to attain
mid-VHF frequencies [11], this approach sac-
rifices the power handling capability (or
dynamic range) of the device, possibly render-
ing it unusable for communications applica-
tions where co-site interference is a problem
[9], [12]. To retain Q’s around 8,000 at VHF
while also maintaining a high stiffness for suf-
ficient power handling ability, a beam with
free-free ends can be used, such as shown in
Fig. 4, in which additional mechanical circuit
complexity is added to allow free-free opera-
tion, and to reduce anchor losses to the sub-
strate [13]. Via proper support beam design,
anchor losses can be greatly attenuated in this
structure, and Q’s on the order of 8,000 are
attained even at 92 MHz.

2.4. Micromechanical Filters

Among the more useful µmechanical cir-
cuits for communications are those implement-
ing low-loss bandpass filters. Figure 5(a)
presents the SEM of a two-resonator 68 MHz
µmechanical filter, comprised of three
mechanical links interconnected in a network
designed to yield the bandpass spectrum

Figure 3:  SEM of an 8.5 MHz clamped-clamped beam µmechanical resonator with
a typical measured spectrum [9].
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shown in Fig. 5(b). The design of this filter has
been covered extensively in previous literature
[9]. For the present purposes, however, the
operation of this filter can be deduced from its
equivalent circuit, shown in Fig. 5(c). Here,
each of the outside links serve as capacitively
transduced µmechanical resonators with
equivalent circuits based on LCR networks.
The connecting link actually operates as an
acoustic transmission line, and thus, can be
modeled by a T-network of energy storage ele-

ments. When combined together into the cir-
cuit of Fig. 5(c), these elements provide a more
selective filtering function, with sharper roll-
offs and increased stopband rejection over sin-
gle resonator devices.

Note that Fig. 5 depicts a relatively simple
mechanical circuit. Using more complicated
interconnections with a larger number of beam
elements and I/O ports, a wide variety of signal
processing transfer functions can be realized,
with even wider application ranges.
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Figure 4: SEM and measured frequency characteristic for a 92 MHz free-free beam
polysilicon µmechanical resonator [13].

Figure 5: (a) SEM of a 68 MHz two-resonator µmechanical filter. (b) Measured fre-
quency characteristics. (c) Equivalent circuit [14].
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2.5. Micromechanical Mixer-Filters

As indicated by (2), the voltage-to-force
transducer of Fig. 1 is nonlinear, relating input
force Fd to input voltage (ve−vb) by a square
law. When vb=VP (i.e., a dc voltage), this non-
linearity is suppressed, leading to a dominant
force that is linear with ve. If, however, signal
inputs are applied to both ve and vb, a square
law mixer results, that multiplies ve and vb,
mixing these two input voltages down to a
force component at their difference frequency.
In particular, if an RF signal vRF at frequency
ωRF is applied to electrode e, and a local oscil-
lator signal vLO at frequency ωLO to electrode
b, then these electrical signals are mixed down
to a force signal at frequency ωIF=(ωRF−ωLO).
If the above transducer is used to couple into a
µmechanical filter with a passband centered at
ωIF (c.f., Fig. 6), an effective mixer-filter
device results that provides both mixing and

filtering in one passive, µmechanical device
[15]. Since µmechanical circuits exhibit low-
loss and consume virtually no dc power, such a
device can greatly reduce the power consump-
tion in transceivers, as will soon be seen.

2.6. Micromechanical Switches

The mixer-filter device described above is
one example of a µmechanical circuit that har-
nesses nonlinear device properties to provide a
useful function. Another very useful mode of
operation that further utilizes the nonlinear
nature of the device is the µmechanical switch.
Figure 7 presents an operational schematic for
a single-pole, single-throw µmechanical
switch, seen to have a structure very similar to
that of the previous resonator devices: a con-
ductive beam or membrane suspended above
an actuating electrode [16]. The operation of
the switch of Fig. 7 is fairly simple: To achieve
the “on-state”, apply a sufficiently large volt-

Figure 6: Schematic diagram of a µmechanical mixer-filter, depicting the bias and
excitation scheme needed for down-conversion, and showing its use within a
receiver [15].
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age across the beam and electrode to pull the
beam down and short it (in either a dc or ac
fashion) to the electrode.

In general, to minimize insertion loss, the
majority of switches use metals as their struc-
tural materials. It is their metal construction
that makes µmechanical switches so attractive,
allowing them to achieve “on-state” insertion
losses down to 0.1 dB—much lower than FET
transistor counterparts, which normally exhibit
~2 dB of insertion loss. In addition to exhibit-
ing such low insertion loss, µmechanical
switches are extremely linear, with IIP3’s
greater than 66 dBm [1], and can be designed
to consume no dc power (as opposed to FET
switches, which sink a finite current when acti-
vated).

3. MEMS-Based Transceiver 
Architectures

Perhaps the most direct way to harness µme-
chanical circuits is via direct replacement of
the off-chip ceramic, SAW, and crystal resona-
tors used in RF preselect and image reject fil-
ters, IF channel-select filters, and crystal
oscillator references in conventional super-het-
erodyne architectures. In addition, µmechani-
cal switches can be used to replace FET T/R
switches to greatly reduce wasted power in
transmit mode (by as much as 280mW if the

desired output power is 500mW). Further-
more, medium-Q micromachined inductors
and tunable capacitors [1], [17], [18] can be
used in VCO’s and matching networks for fur-
ther miniaturization.

Although beneficial, the performance gains
afforded by mere direct replacement by
MEMS are quite limited when compared to
more aggressive uses of MEMS technology.
To fully harness the advantages of µmechani-
cal circuits, one must first recognize that due to
their micro-scale size and zero dc power con-
sumption, µmechanical circuits offer the same
system complexity advantages over off-chip
discrete components that planar IC circuits
offer over discrete transistor circuits. Thus, to
maximize performance gains, µmechanical
circuits should be utilized in large numbers.

Figure 8 presents the system-level block dia-
gram for a possible transceiver front-end archi-
tecture that takes full advantage of the
complexity achievable via µmechanical cir-
cuits. The main driving force behind this archi-
tecture is power reduction, attained in several
of the blocks by replacing active components
by low-loss passive µmechanical ones, and by
trading power for high selectivity (i.e., high-
Q). Among the key performance enhancing
features are: (1) an RF channel selector com-
prised of a bank of switchable µmechanical fil-
ters, offering multi-band reconfigurability,

Figure 7: Cross-sectional schematics of a typical µmechanical switch: (a) Switch up.
(b) Switch down [16].
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receive power savings via relaxed dynamic
range requirements [12], and transmit power
savings by allowing the use of a more efficient
power amplifier; (2) use of a passive µme-
chanical mixer-filter to replace the active
mixer normally used, with obvious power sav-
ings; (3) a VCO referenced to a switchable
bank of µmechanical resonators, capable of
operating without the need for locking to a
lower frequency reference, hence, with orders
of magnitude lower power consumption than
present-day synthesizers; (4) use of a µme-
chanical T/R switch, with already described
power savings in transmit-mode; and (5) use of
µmechanical resonator and switch components
around the power amplifier to enhance its effi-
ciency.

4. Circuits/MEMS Merging 
Technologies

Although a two-chip solution that combines
a MEMS chip with a transistor chip can cer-
tainly be used to interface µmechanical circuits
with transistor circuits, such an approach
becomes less practical as the number of µme-
chanical components increases. For instance,
practical implementations of the switchable fil-
ter bank in Fig. 8 require multiplexing support
electronics that must interconnect with each

µmechanical device. If implemented using a
two-chip approach, the number of chip-to-chip
bonds required could become quite cumber-
some, making a single-chip solution desirable.

In the pursuit of single-chip systems, several
technologies that merge micromachining pro-
cesses with those for integrated circuits have
been developed and implemented over the past
several years [2]-[7]. Figure 9 presents the
cross-section and overhead SEM of one such
technology that combined CMOS transistor
circuits and polysilicon surface microma-
chined structures in a fully planar, modular
fashion, where transistor and MEMS fabrica-
tion steps were separated into modules, and no
intermixing of process steps from each process
was permitted [4]. Such modular processes are
advantageous, because they allow the greatest
flexibility when changes are made to either the
transistor or MEMS process steps.

In addition to fully planar integration meth-
ods, bonding processes, in which circuits and
µmechanics are merged by bonding one onto
the wafer of the other, are presently undergo-
ing a resurgence [19]. In particular, the advent
of more sophisticated aligner-bonder instru-
ments are now making possible much smaller
bond pad sizes, which soon may enable wafer-
level bonding with bond pad sizes small

Figure 8: System block diagram for an RF channel-select receiver architecture utiliz-
ing large numbers of micromechanical resonators in banks to trade Q for power
consumption. (On-chip µmechanics are shaded.)
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enough to compete with fully planar processed
merging strategies in interface capacitance val-
ues. If the bond capacitance can indeed be low-
ered to this level with acceptable bonding
yields, this technology may well be the ulti-
mate in modularity.

From a broader perspective, the integration
techniques discussed above are really methods
for achieving low capacitance packaging of
microelectromechanical systems. As men-
tioned in Section 2, another level of packaging
is required to attain high Q vibrating µmechan-
ical resonators: vacuum encapsulation.
Although the requirement for vacuum is
unique to vibrating µmechanical resonators,
the requirement for encapsulation is nearly
universal for all of the µmechanical devices
discussed in this paper, and for virtually all
micromechanical devices in general. In partic-

ular, some protection from the environment is
necessary, if only to prevent contamination by
particles (or even by molecules), or to isolate
the device from electric fields or feedthrough
currents. Needless to say, wafer-level encapsu-
lation is presently the subject of intense
research [20].

5. Conclusions

Micromechanical circuits attained via
MEMS technologies have been described that
can potentially play a key role in removing the
board-level packaging requirements that cur-
rently constrain the size of communication
transceivers. In addition, by combining the
strengths of integrated µmechanical and tran-
sistor circuits, using both in massive quantities,
previously unachievable functions become

Figure 9: (a) Cross-section of the MICS process [4]. (b) Overhead-view of a fully
integrated micromechanical resonator oscillator fabricated using MICS [8].
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possible that may soon enable alternative
transceiver architectures with substantial per-
formance gains, especially from a power per-
spective. However, before generating too
much enthusiasm, it should be understood that
RF MEMS technology is still in its infancy,
and much research is needed (e.g., on fre-
quency extension, trimming methods, vacuum
encapsulation, and much more) before fully-
integrated RF MEMS systems can become a
reality.
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